Winter frost resistance (WFR), midwinter frost hardening and frost dehardening potential of Pinus cembra L. were determined in situ by means of a novel low-temperature freezing system at the alpine timberline ecotone (1950 m a.s.l., Mt Patscherkofel, Innsbruck, Austria). In situ liquid nitrogen (LN 2 )-quenching experiments should check whether maximum WFR of P. cembra belonging to the frost hardiest conifer group, being classified in US Department of Agriculture climatic zone 1, suffices to survive dipping into LN 2 (−196 °C). Viability was assessed in a field re-growth test. Maximum in situ WFR (LT 50 ) of leaves was <−75 °C and that of buds was less (−70.3 °C), matching the lowest water contents. In midwinter, in situ freezing exotherms of leaves, buds and the xylem were often not detectable. Ice formed in the xylem at a mean of −2.8 °C and in leaves at −3.3 °C. In situ WFR of P. cembra was higher than that obtained on detached twigs, as reported earlier. In situ LN 2 -quenching experiments were lethal in all cases even when twigs of P. cembra were exposed to an in situ frost hardening treatment (12 days at −20 °C followed by 3 days at −50 °C) to induce maximum WFR. Temperature treatments applied in the field significantly affected the actual WFR. In January a frost hardening treatment (21 days at −20 °C) led to a significant increase of WFR (buds: −62 °C to <−70 °C; leaves: −59.6 °C to −65.2 °C), showing that P. cembra was not at its specific maximum WFR. In contrast, simulated warm spells in late winter led to premature frost dehardening (buds: −32.6 °C to −10.2 °C; leaves: −32.7 to −16.4 °C) followed by significantly earlier bud swelling and burst in late winter. Strikingly, both temperature treatments, either increased air temperature (+10.1 °C) or increased soil temperature (+6.5 °C), were similarly effective. This high readiness to frost harden and deharden in winter in the field must be considered to be of great significance for future winter survival of P. cembra. Determination of WFR in field re-growth tests appears to be a valuable tool for critically judging estimates of WFR obtained on detached twigs in an ecological context.
Introduction
Conifers exist in a wide range of climatic zones, with the highest number of species found in the temperate zones. Laboratory-determined maximum frost resistance values of frost-hardened cut twigs and leaves of conifers exceed the air temperature limits of their climatic zones significantly (Bannister and Neuner 2001) . Pinus cembra belongs to the harshest US Department of Agriculture climatic zone, zone 1 (Huxley et al. 1992) , with a zonal limit of −50.1 °C (Bannister and Neuner 2001 ) and a reported maximum winter frost resistance (WFR) of −80 °C (LT 50 ; Bauer et al. 1994) . Interestingly, other conifers restricted to milder zones (2 or 3) were reported to survive dipping into liquid nitrogen (LN 2 −196 °C; Sakai and Weiser 1973) .
An accurate determination of WFR in evergreen plants is difficult (Sutinen et al. 1992, Neuner and .
Currently available viability assays for leaves, i.e., visual assessment of frost damage, chlorophyll fluorescence and ion leakage, can deviate significantly in their estimates of frost resistance in midwinter (Sutinen et al. 1992 , Strimbeck et al. 2007 ). This uncertainty must be considered significant with respect to the ecological interpretation of the results. With the recent development of a field portable freezing chamber system (low-temperature freezing system (LTFS); Buchner and Neuner 2009 ), WFR of plants tolerating freezing temperatures down to −75 °C can be investigated in situ by the unambiguous re-growth test. The advantage of this field re-growth test is that not only the frost survival of single organs such as leaves, buds or twig tissue is determined but also the WFR of the whole treated twig is assessed. With respect to the interpretation of survival, this knowledge seems to be necessary as particularly in conifers the frost resistance of leaves and buds can differ significantly (Bannister and Neuner 2001) , with generally less knowledge about the twig tissue. The field re-growth test may allow one to judge the ecological relevance of WFR results obtained for single organs on detached plant material. Survival at extremely low temperatures (−196 °C) can only be achieved by tolerance of extracellular ice and consequent freeze dehydration of cells during so-called equilibrium freezing (Sakai and Larcher 1987) . As the water potential of ice is lower than that of liquid water, extracellular ice crystals grow by drawing water from cells until the water potentials of ice and cells are equal. The water potential of ice decreases with decreasing temperature (Gusta et al. 1975) down to a limit set by vitrification. The formation of so-called glassed cell solutions is thought to be a natural adaptation of woody plant cells (for a recent review, see Wisniewski et al. 2003 ) that occurs in extremely frost-resistant plant species that can survive cooling to −196 °C in LN 2 . The conifers Abies balsamea, Pinus banksiana, Pinus strobus and Thuja occidentalis were able to survive dipping in LN 2 (Sakai and Weiser 1973) . In poplar, glasses can already form below −28 °C (Hirsh et al. 1985) . Experiments by Sakai (1956 Sakai ( , 1960 showed that twigs of several boreal trees survive immersion in LN 2 after controlled pre-cooling down to −30 °C. It was concluded that there is a definite temperature range at which the freezable water of cells is extracted by equilibrium freezing, and that cells in this glass state are not frost injured even when exposed to extremely low temperature.
Frost resistance developed in the field in midwinter may not mirror the maximum frost resistance of a species as the prevalent temperature conditions significantly influence the actual level of frost resistance. In early work, detached twigs or potted plants were artificially frost hardened to achieve an estimate of maximum WFR (Sakai and Larcher 1987) . In situ frost hardening treatments, although very rarely conducted, may give a more reliable indication of the potential maximum frost resistance of a species.
Reliability of WFR estimates may become even more important. Recent findings that a 4 °C rise in winter temperature significantly accelerates the frost dehardening process in several Northern Hemisphere woody plants, such as Scots pine (Repo et al. 1996) , bilberry (Taulavuori et al. 1997 ) and mountain birch (Taulavuori et al. 2004) , stress the necessity of more precise methods for more significant predictions (a detailed examination of standard laboratory viability assays is given by Strimbeck et al. 2007) .
For the first time, the WFR of P. cembra developed naturally at the alpine timberline was assessed by the re-growth test as it is still not clear if the currently available standard laboratory viability assays have the potential to give a relevant estimate of field frost survival in midwinter. By artificial field frost hardening (exposure to severe freezing temperatures for an extended period of time), we intended to test whether a species such as P. cembra, approximately frost hardy down to −80 °C (Bauer et al. 1994) , could even survive at −196 °C. Frost dehardening treatments in the field should additionally give an indication of the effect of increased winter temperatures on phenology and the dynamics of field frost resistance of P. cembra.
Materials and methods

Plant material and microclimate
Experiments were performed on 40-year-old trees of P. cembra L. growing on a north-facing slope of Mt Patscherkofel (1950 m a.s.l., 47°12′N/11°27′E, Innsbruck, Austria) in the timberline ecotone.
Standard micrometeorological data and temperatures of leaves and buds were recorded at 10 min intervals with a data logger (CR 1000 and AM 25 T, Campbell Scientific, Loughborough, UK) using quantum sensors (QS, Delta-T, Cambridge, UK), thermocouples (Type T, solder junction diameter <0.2 mm, TT-TI-40, Omega Engineering Inc., Stamford, CT, USA) and soil temperature sensors (108 Temperature Probe, Campbell Scientific).
For the measurement of leaf temperatures, thermocouple sensors were fixed with adhesive tape (Transpore™, BM-Austria GmbH, Vienna, Austria) to prevent relocation. Transpore™ is permeable to water vapour and air. For the detection of bud temperatures, thermocouples were inserted into the bud through slight apertures in the bud scales that had been pierced using a dissection pin (0.5 mm).
Determination of WFR
The annual course of WFR was determined in situ with a recently developed LTFS that consists of six vacuum insulated exposure chambers, a central supply unit including power supplies, electronic circuits, a programmable automatic control system (Compact Fieldpoint, National Instruments Corporation, Austin, TX, USA) and an external cryostat (Haake P2CT80L, Thermo Electron GmbH, Karlsruhe, Germany) providing deeply cooled ethanol (96%, max. −80 °C; for more details, see Buchner and Neuner 2009) .
In a first step, thermocouples were mounted to the attached twigs to continuously measure (measurement interval: 1 s) the temperature of buds, leaves and the xylem during the freezing treatment. To provide sufficient mechanical stabilization and thermal insulation for the detection of freezing exotherms, thermocouple sensors were fixed and insulated by special mounting brackets having a thick thermally insulating foam rubber pad inside.
In parallel, reference thermocouples were mounted on dry pieces of previously heat-destroyed wood that were fixed in the same mounting brackets in order to enhance the detectability of freezing exotherms by subtracting this reference temperature from the temperature of leaves, buds and stems measured at the same time, i.e., performing a differential thermal analysis (DTA).
The twigs were then inserted into the freezing chamber where they were exposed to different preset target temperatures. Exposure duration was 4 h and freezing and thawing rates were 3-5 K h −1 . Within the system-specific limits, target temperatures were chosen to cover the full temperature range wherein freezing injuries occur (0-100%). The difference between successive target temperatures was not more than 5 K, which appears sufficient in midwinter .
For each measurement date, 30-50 twigs were used, five twigs per test temperature (n = 5). The number of different test temperatures varied between 6 and 10, depending on the result. When frost resistance was expected to be rather low (spring, early winter), six different test temperatures were sufficient to cover the whole range from 0 to 100% frost injuries. During midwinter it was necessary to work with up to 10 different test temperatures covering a temperature span of 50 °C to ensure that-due to the extremely slow development of frost injuries-all frost injury classes were included in the test.
After the controlled freezing treatment, the twigs were left attached to the tree exposed to the naturally occurring winter environmental conditions. Assessment and monitoring of the development of frost damage was conducted throughout spring, until at the end of June when the final visual assessment of frost injuries was conducted. At that time all undamaged buds had started to break and the development of frost injuries on leaves was completed.
In situ WFR of leaves was assessed as the relative number of frost-damaged or shed leaves per twig for each target temperature separately (five twigs per target temperature). Frost injuries appeared as typical necrotic browning of the leaf area (Strimbeck et al. 2007 ). In some cases, initially only a slight yellowing indicating chlorosis was observable, which was usually not reversible but led to necrosis too. Many damaged leaves were shed.
For determination of in situ WFR of buds, the same procedure took place but the calculation of LT 50 was based on the relative number of undamaged buds (%) per target temperature. As P. cembra normally provides only three buds in the terminal region of a twig, only a reduced number of classes describing percentage injury were available. As the exposure chambers could hold only a maximum of five twigs to ensure undisturbed ventilation, which is essential for high preciseness of the temperature treatment, this was an acceptable compromise between sample size and measurement accuracy.
By plotting percentage frost damage against target temperatures, WFR was calculated by a software-based curve-fitting procedure (Fig-P 2 .7, Biosoft, Durham, NC, USA) using a standard four-parameter logistic function. Although still other models have been successfully applied to fit the temperature response data of plants (von Fircks and Verwijst 1993, Lindén 2002) , this function, which is characterized by its symmetric shape, fitted our data the best.
where X is input variable (target temperature), Y is output variable (injuries in %), Min, Max are asymptotic upper and lower limits of the curve (0%, 100%), X 50 is input variable at the inflection point (Min-Max)/2 and k is slope factor. Winter frost resistance was taken to be the X 50 value, i.e., the temperature at 50% frost damage (see also Strimbeck et al. 2007 ).
Water content of buds
The determination of saturation weight to measure relative water content of buds in winter is very difficult. Therefore, we calculated water content (WC) of the buds. For this the buds were weighed immediately after excision to determine fresh weight (FW). The buds were placed in a cabinet drier (70 °C for 7 days) to obtain dry weight (DW). Water content was then calculated by the following equation (Von Willert et al. 1995) :
Liquid nitrogen-quenching experiments
To test the potential field frost survival capacity, terminal parts of twigs (including buds and leaves) were dipped into LN 2 till equalization of temperatures had taken place (5-10 s).
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Liquid nitrogen quenching was conducted in the middle of January in situ at the study site with untreated twigs and with twigs that had been artificially frost hardened by a two-step frost hardening procedure (12 days at −20 °C followed by 3 days at −50 °C) to induce maximum WFR. The treatment was conducted with the freezing chambers of the LTFS. During frost hardening and LN 2 quenching, xylem and bud temperatures were recorded (Figure 1 ) to ascertain that LN 2 temperatures were actually reached in the samples. After LN 2 quenching, the frost-hardened samples were kept inside the exposure chambers at −50 °C and were then rewarmed at a thawing rate of 5-10 K h −1 .
Effects of temperature manipulation on WFR and phenology
For frost hardening, selected attached twigs of P. cembra were continuously cooled in situ inside freezing chambers of the LTFS (−20 °C for 21 days) followed by a WFR determination.
For frost dehardening in late winter (28 March 2009 to 22 April 2009), twigs were encased inside a transparent (Plexiglas) frost dehardening chamber. The chamber had an opened lid to avoid a chamber effect and to allow undisturbed gas exchange. The air temperature inside the chamber was increased with a fan heater by +10.1 ± 0.3 °C as compared with a reference temperature outside for a duration of 24 days (Figure 2) .
In a second treatment for frost dehardening, the soil temperature around a single, small P. cembra tree was continuously heated during winter using electrical heating cables that were installed underground (mean depth: −25 cm) in a distance of 40 cm to each other covering a total soil area of 18 m 2 . While mean soil reference temperature was normally ~0 °C during the snow cover period, the temperature of the soil-heated plot was usually higher but could also be lower than the reference temperature because of a sporadically completely melted snow cover. Nevertheless, during the last 24 days of the experiment the soil temperature was continuously higher by +6.5 ± 0.9 °C as compared with the unheated plot.
In artificially (either by air or by soil) heated trees, acceleration of phenological events such as bud burst was documented by photographs and by the measurement of bud length.
Statistics
The significance of the difference between mean values was determined by analysis of variance and Bonferroni test using statistical software (SPSS Version 18.0, SPSS Inc., Chicago, IL, USA). When only two means had to be compared, Student's t-test was used. (1) Air temperature (14.5 ± 3.5 °C) inside the frost dehardening chamber was held +10.1 ± 0.3 °C warmer than that of the (2) reference temperature (4.4 ± 3.5 °C) outside the chamber for 24 days. (3) Soil temperature of a nearby P. cembra tree was continuously heated by electrical heating cables. While mean soil reference temperature (4) usually was 0 °C during the snow cover period, during the last 24 days of the experiment soil temperature was continuously higher by +6.5 ± 0.9 °C than the unheated soil (0.3 ± 0.9 °C). Temperature data: mean values ± SD.
Results
Meteorology
During the investigation period (October 2008 to May 2009), the coldest period was November until March with mean air temperatures <0 °C and minimum air temperatures <−12 °C. The absolute air temperature minimum was −18.4 °C (18 February 2009), which is definitely warmer than the absolute temperature minimum ever recorded at the site (−29.5 °C, ZAMG). On calm and sunny days the temperature of leaves and buds of southexposed branches exceeded air temperature considerably due to significant absorption of radiative energy. Daytime bud temperatures repeatedly were more than 20 °C higher than air temperature even in January and February (Figure 3 ).
Winter frost resistance
Although the minimum temperature that can be applied with the LTFS is limited (−75 °C), during the whole measurement period it was possible to induce frost injuries >50% in leaves and buds, which represents an essential prerequisite for the exact determination of LT 50 values. This was true except for 7 January 2009, where this was not possible as even at the lowest exposure temperature (−75 °C) the mean extent of frost injuries was only 27%. The seasonal course (October to May) of in situ WFR (LT 50 ± SD) of P. cembra leaves and buds is pronounced, ranging from −12.7 ± 0.4 °C and −14.2 ± 1.5 °C down to <−75 and −70.3 ± 0.3 °C, respectively, spanning a total temperature range of more than 60 K (Figure 4a ). Maximum WFR (LT 50 <−55 °C) of leaves and buds was detected between December and March. Mean in situ frost resistance in midwinter (December through February) was −58.5 °C in leaves and −63.3 °C in buds. From October till February natural frost hardening in leaves and buds proceeded at a rate of −0.25 °C day −1 and −0.29 °C day −1 , respectively, while natural frost dehardening from February till May took place at a much higher speed (0.87 °C day −1 /0.76 °C day −1 ). As examples, the temperature response curves (percentage injury vs. exposure temperature) are additionally shown for midwinter (7 January 2009) and spring (22 April 2009) (Figure 4b ). For leaves the temperature interval wherein frost injury increased from 0 to 100% could cover a range of up to 40 K, while for buds typically this was less than 15 K.
Maximum WFR of leaves clearly exceeded that of buds in midwinter. In February, maximum WFR of leaves and buds was <−75 and −70.3 °C, respectively. Winter frost resistance of leaves and buds correlated well (Figure 5a ). Changes in frost resistance (LT 50 ) of buds correlated well with their water content (Figure 5b) .
In some samples monitored in the re-growth test, frost injuries were still not completely developed in June 2009, i.e., 3 months after the frost treatment (Figure 6a) , and it was not until September that the whole extent of frost injuries became assessable.
Winter frost resistance of Pinus cembra L. 1221 Figure 3 . Seasonal course of (1) air temperature (2 m) and (2) the difference (dT) between the temperature inside a representative southexposed terminal bud of a P. cembra twig and air temperature. Open circles: mean monthly air temperature (m). Air temperature as well as bud temperatures never fell below −20 °C. Bud temperature periodically exceeded air temperature by more than +20 °C due to radiative warming during clear and sunny days and the wind protective effect of terminal leaves. Temperatures are 30 min mean values. The dashed line indicates the absolute minimum air temperatures that have been recorded during the last 30 years at the site.
Liquid nitrogen-quenching experiments
In situ LN 2 -quenching experiments applied to untreated and to artificially frost-hardened P. cembra twigs in midwinter were in all cases lethal to leaves, buds and twigs, while twigs from the control groups (untreated-no LN 2 quenching, artificially frost hardened-no LN 2 quenching) survived well. The full development of apparent frost injuries took several months ( Figure  6b ). LN 2 quenching was lethal not only to twigs of P. cembra but also to several other subalpine woody plant species, including the coniferous timberline tree species Picea abies and Larix decidua (data not shown).
Detectability of freezing exotherms
In situ high-temperature freezing exotherms (HTEs) allowing the detection of extracellular ice formation were usually precisely recordable some degrees <0 °C. Mean values ± SD for leaves (−3.3 ± 0.9 °C) and buds (−3.8 ± 1.9 °C) were not significantly different, while in the xylem freezing occurred at significantly higher temperature (−2.8 ± 1.2 °C; P < 0.05) than in buds ( Figure  7a ). In midwinter in situ, the relative detectability of HTEs during the temperature treatment with the LTFS was distinctly reduced as compared with autumn and spring. From November until April only about 45% of the mounted thermocouples showed freezing exotherms, while in October this rate was much higher: 77.8% (buds) and 82.4% (xylem). In leaves the relative detectability of HTEs was not correlated with season and varied between 42.3 and 91.3% (November to April) while it was still 100% in October (Figure 7b ). There was no significant correlation between the relative detectability of HTEs, the frost resistance of leaves and buds, or the water content of buds. A low-temperature freezing exotherm (LTE) which would indicate the breakdown of supercooling and intracellular ice formation was not detectable in any case and tissue.
Temperature manipulation experiments
Winter frost resistance of leaves and buds (Figure 8 ) could be significantly modified by artificial frost hardening treatments in the field. An increase of WFR in buds from −62 ± 0.0 °C to <−70 °C ± 0.0 and in leaves from −59.6 ± 1.4 °C to −65.2 ± 0.8 °C was observed on 7 January 2009.
In late winter (April 2009), attached twigs were subjected to controlled frost dehardening treatments. Due to artificial warming, WFR (LT 50 ± SD) decreased significantly (P < 0.001) in both buds (−32.6 ± 0.5 °C to −10.2 ± 3.7 °C) and leaves (−32.7 ± 2.6 °C to −16.4 ± 0.6 °C). Additionally, bud stretching and bud breaking were clearly accelerated under the warming treatments. While on 22 April 2009 the length of untreated buds (mean values ± SD) was 0.6 ± 0.1 cm, the bud length of the soil-heated tree was significantly higher (1.1 ± 0.1 cm; P < 0.001). For the twigs that had been subjected to warmer air temperatures, this effect was even more pronounced (2.2 ± 0.7 cm; P < 0.001).
Discussion
Winter frost resistance and minimum air temperature
Maximum WFR of leaves of P. cembra determined in situ by the re-growth test was <−75 °C (LT 50 ) and mean natural in situ frost resistance (December through February) was −58.5 °C in leaves and −63.3 °C in buds. This significantly exceeds earlier reports on maximum winter field frost resistance of leaves of P. cembra in the Alps (−44 °C to −54 °C; for a review, see Neuner 2007 ) and in Norway (−42.9 °C; Strimbeck et al. 2007) , but is quite similar to WFR of potted young trees after artificial frost hardening (−80 °C; Bauer et al. 1994) . Absolute air temperature minimum in winter 2009 at our investigation site on Mt Patscherkofel was −18.4 °C and temperature records from the study site covering the last 30 years (ZAMG) document that air temperatures may hardly drop below −29.5 °C. Hence, the observed frost resistance after frost hardening exceeds air temperature minima by far, predicting that P. cembra may not be at risk of frost damage in midwinter.
Even the observed field frost resistance of about −60 °C during midwinter significantly is higher than the potential air temperature minimum. This may also be true for the whole distribution area of P. cembra, which appears most frequently in the European Alps, but for example is also common in parts of the Carpathian Mountains and has an eastern distribution limit in the Ukraine and Romania (Distribution map of Pinus cembra, EUFORGEN 2009), where the lowest recorded air temperature was −38.5 °C (Climatic records in Romania, Administratiei Nationale de Meteorologie, Romania). Freezing temperatures enhance frost hardening in temperate conifers and seem to be necessary for achievement of maximum WFR (Bigras et al. 2001) . This is in contrast to boreal conifers that do not seem to need freezing temperatures for the development of maximum WFR (Strimbeck and Kjellsen 2010) . The severe in situ freezing treatment applied in our experiment induced an increase of WFR by 5-8 °C, which corroborates other recent findings Winter frost resistance of Pinus cembra L. 1223 (1), buds (2) and the xylem (3) of P. cembra twigs during winter 2008/2009 indicated by HTEs that were measured in situ. While mean freezing temperatures in leaves (−3.3 ± 0.9 °C; n = 75) and buds (−3.8 ± 1.9 °C; n = 32) were not significantly different, freezing of the xylem occurred at a significantly (P < 0.05) higher temperature (−2.8 ± 1.2 °C; n = 48; significance of differences is indicated by different letters). where repeated cycles of freezing for more than 10 weeks enhanced WFR in temperate conifers by 5-10 °C (Pinus sylvestris: Beck et al. 2004; P. abies: Søgaard et al. 2009 ); however, without this severe and long-lasting freezing treatment, WFR was still between −30 and −40 °C in these species.
A maximum WFR distinctly below −40 °C and the absence of an LTE in buds, leaves and the xylem indicate that the mechanism of frost survival in these organs is tolerance to extracellular freezing. Hence, in contrast to other temperate conifers, in P. cembra buds as reported also for other pine species (see Zwiazek et al. 2001 ) the survival mechanism of extraorgan freezing and supercooling does not seem to be present.
Liquid nitrogen-quenching experiments
Once frozen, very frost-resistant conifers have been reported to be capable of surviving freezing down to the temperature of LN 2 (−196 °C) (e.g., Sakai and Weiser 1973: A. balsamea, Larix laricina, P. banksiana, P. strobus, T. occidentalis; Sutinen et al. 1992 : Pinus resinosa; Strimbeck et al. 2007 Strimbeck et al. , 2008 . While boreal conifers seem to become LN 2 quenching tolerant, temperate conifers are killed by such a treatment (Strimbeck et al. 2007 (Strimbeck et al. , 2008 . Pinus cembra, which was among the temperate conifers tested, was always lethally stressed by LN 2 quenching regardless of pre-treatment (Strimbeck et al. 2007 ). Our in situ midwinter LN 2 -quenching experiments on various temperate woody plant species at the alpine timberline were in all cases lethal to leaves, buds and stem tissues, corroborating earlier results. This was also independent from the thermal preconditions.
Detectability of freezing events
In situ the mean temperature of HTEs (−3.8 ± 1.9 °C) in buds was higher than that found in detached buds that were not ice inoculated (−6.0 ± 1.4 °C) (S. Zimmermann and G. Neuner, unpublished) , which corroborates many earlier findings that detachment may cause artificial supercooling (e.g., Robberecht and Junttila 1992, Neuner et al. 1997) . Similar to the results obtained in situ also on detached twigs in laboratory DTA tests, no LTEs were detectable by thermocouples (S. Zimmermann and G. Neuner, unpublished) .
The difficulties in measuring in situ freezing exotherms during winter could be caused by clearly reduced water contents in midwinter, which after repeated freeze-thaw cycles can be additionally manifested in the formation of xylem embola in P. cembra (Mayr et al. 2003) . When water content is reduced, also the heat released during freezing gets lowered and may then be below the resolution capacity of the thermocouple method. A decrease in water content is found in a variety of conifers during winter in relation to cold hardiness (see Zwiazek et al. 2001) . A similar relation between increased frost resistance and reduced water content corroborates these findings for P. cembra buds.
Temperature records in the sap wood of trunks of P. cembra during winter reveal ice formation in the sap wood at temperatures between 0 and −2 °C (Mayr et al. 2006) . In small branches, in situ freezing exotherms during temperature treatment with the LTFS were recorded within a temperature range between −2.3 and −3.4 °C, which is slightly lower than might be deduced from the records of trunk sap wood (Mayr et al. 2006) . During night frost it must be expected that the peripheral parts cool faster, i.e., when the trunk temperature comes into the range of 0 to −2 °C it can be expected that the branches and needles are already at lower freezing temperatures.
Effects of warm spells in late winter
Exposure to increased air temperatures in late winter induced a fast frost dehardening in P. cembra, which adds to earlier reports that woody species will respond with an untimely reduction of their frost resistance (Picea rubens: Strimbeck et al. 1995; P. sylvestris: Repo et al. 1996; Vaccinium myrtillus: Taulavuori et al. 1997; and Betula pubescens: Taulavuori et al. 2004 ).
Winter frost resistance of Pinus cembra L. 1225 After premature frost dehardening in late alpine winter due to increased air or soil temperatures, the frost resistance of buds of P. cembra was reduced to −10.2 °C (LT 50 ). During cold spells in April at the alpine timberline, air temperature minima can still fall to −16.3 °C (30 years temperature record; ZAMG), suggesting that this would be sufficiently low to cause frost damage to P. cembra in such an environmental situation.
Our results show that warmer temperatures in late winter will induce earlier bud burst in P. cembra. The premature onset of re-growth in spring in response to warming treatments matches the observations that in P. cembra at temperatures lower than +5 °C radial cambial growth ceases (Loris 1981) and that soil temperatures <+ 7 °C sensitively affect photosynthesis (Havranek 1972) . Interestingly, increased air and soil temperature independent from each other were both capable of inducing earlier bud break.
Currently P. cembra starts to sprout in July, which is the month with the most modest risk of frost damage, and the air temperature minima would not be able to cause frost damage, even to most frost-susceptible young sprouts. Young P. cembra sprouts are as highly frost susceptible as all other woody timberline species ) and get frost damaged at −4.8 °C (LT 50 ; in the most frost-susceptible developmental stage during sprouting. Such air temperatures are still possible in June at the alpine timberline on Mt Patscherkofel as the absolute air temperature minimum of this month is −6.7 °C (30 years temperature record; ZAMG). Premature sprouting due to warmer temperatures would expose P. cembra potentially to frost damage given that the current low temperature extremes still prevail in future scenarios as predicted (Loik et al. 2004 , Bannister et al. 2005 .
Conclusions
Under natural conditions WFR of P. cembra is highly able to survive even the most extreme frost events that periodically occur within the natural distribution area in the Alps. Winter frost resistance is further increased by long-lasting and severe frost periods; therefore, P. cembra seems to be well adapted to low midwinter temperatures.
Nevertheless, in late winter frost dehardening takes place at more than twice the speed of frost hardening during autumn and early winter and, additionally, P. cembra shows a high readiness for early bud stretching and bud break due to enhanced air and soil temperatures. Viewed against the background of global warming, in future these facts may represent a potential risk. Severe frost events in connection with warm spells during late winter may lead to frost damage, especially to buds, which may reduce natural growth.
Winter-hardy twigs did not survive LN 2 quenching, showing that WFR of P. cembra is clearly limited, although it exceeds by far the limit that is set by the homogeneous ice-nucleation point of water, representing the absolute limit for deep supercooling of tissues.
The most important advantage of determining WFR based on in situ freezing treatments and the re-growth test as opposed to laboratory-based viability assays on detached twigs is that the development of frost injuries and consequent effects can be monitored over a sufficiently long time period (several months) which would never be survived by detached twigs. Especially for winter-hardy conifers this may be highly relevant. Because of the considerable experimental effort needed for in situ freezing of conifers during winter, this method is not well applicable for large-scale screening purposes but it is indispensable to judge the results of laboratory-based test procedures on detached plant material in an ecological context. Furthermore, it allows taking into account possible interactions between different tissues and organs, as whole twigs or the whole system of the tree may, in principle, respond differently than single tissues and detached organs, respectively. This is emphasized by the fact that in P. cembra especially the survival of buds, which can not be determined sufficiently by standard viability assays or by the visual assessment of detached plant material, seems to play a crucial role, with the power to determine the destiny of other organs like leaves and in consequence the fate of whole twigs and individual trees.
